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ABSTRACT: We report on the fluorescence properties of high optical quality
all-polymer planar microcavities embedding core−shell dot-in-rod CdSe/CdS
nanocrystals. Properly tuned microcavities allow a 10-fold sharpening of the
nanocrystals fluorescence spectrum, resulting in a reduction of the bandwidth from
24 to 2.4 nm, which corresponds to a quality factor larger than 250. A 5-fold peak
photoluminescence intensity enhancement is measured, while the overall number of
emitted photons is reduced. Time-resolved photoluminescence and quantum yield for
microcavities and suitable references show the presence of two decays related to
differences in nanocrystal size distribution. The slower decay rate, which becomes
faster when the nanocrystals are embedded into the microcavity, is assigned to longer nanorods with emission spectrally
overlapped to the cavity mode. Conversely, the short-living component, which is assigned to an impurity of shorter nanorods,
remains unaffected by the microcavity.
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Colloidal nanocrystals have attracted considerable attentionin the field of light emitting devices thanks to their
high fluorescence quantum yield (QY) and spectral tunability
via electronic structure engineering and surface functionaliza-
tion. Indeed, their composition and shape can be adjusted to
obtain materials with tailored and stable electronic proper-
ties.1 Nanocrystals of different shapes such as CdSe nano-
platelets2 and core−shell architectures as CdSe/CdS dot-in-
rods3 or giant-shells4,5 have been used in several light-
emitting applications,6−10 including lasers working both in
the pulsed and in the continuous wave regime.11−17 To this
end, a careful surface functionalization improves passivation,
thus, reducing photoluminescence (PL) quenching defects,18−22
while allowing solubility in many organic and polar solvents,
including water,23−27 and promoting self-organization and
preparation of nanocomposites for solid state photonic
structures and devices.28−36 Among these structures, photonic
crystals, which are dielectric lattices where materials with
different refractive indices are periodically alternated at the
submicrometric scale, have been demonstrated effective for
light propagation control and light−matter interaction manage-
ment.37,38 While inorganic photonic crystals are widely used,
their organic counterparts recently gained growing interest
owing to their simple preparation methods, low weight, and
extraordinary mechanical properties.30 In particular, polymer
planar photonic crystals such as Distributed Bragg Reflectors
(DBRs) and microcavities are promising for mass production
thanks to established fabrication technologies currently used in
packaging industry.39−44 On the lab scale, these multilayered
structures can be successfully prepared by spin-coating of
polymers or inorganic nanoparticles, and by block copolymer
self-assembly.45,46 While the latter needs complicated and
expensive synthetic routes,47,48 spin-coating inorganic nano-
particles multilayers requires time-consuming postdeposition
annealing.49−53 Spin-coating of polymer solutions is instead a
fast and low cost alternative, that provides high optical quality
DBRs and microcavities. Moreover, such structures can be
peeled-off from the substrate leading to free-standing and
flexible photonic crystals adaptable to preformed surfaces
(Figure 1a).29,41,42,54−65 In the framework of organic photonics,
all-polymer DBRs and microcavities have been successfully
demonstrated as efficient sensors,64,66,67 lasers,28,56,57,68 and
all-optical modulators.69−71 Concerning optical resonators, so
far the research activities have been focused on lasing prop-
erties such as pump threshold and emission narrowing, while
material issues related to the optical quality of polymer planar
microcavities, their spectroscopic properties, field confinement,
and directional emission have not been exhaustively addressed
yet.28,56,57,68
In this work, we investigate high quality, large area,
all-polymer planar microcavities embedding CdSe/CdS
dot-in-rods (DiRs) in the cavity layer (Figure 1b). We
report on the dual emission of DiRs:polystyrene (PS) nano-
composite and on line-narrowing and directional redistri-
bution of the fluorescence oscillator strength in all-polymer
microcavities. Moreover, we discuss nanosecond photo-
luminescence decay dynamics and quantum yields showing
the effect of field confinement on the microcavity photo-
physics.
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■ RESULTS AND DISCUSSION
In this work, we focus on CdSe/CdS DiRs with a diameter of
4.7 nm and a typical length of ∼35 nm; however, displays
some dispersion in length together with a second population
of much shorter impuritiess, as retrieved from the Transmis-
sion Electron Microscopy (TEM) micrographs reported in
Supporting Information, Figure S1. Figure 2a shows absorbance
and PL spectra of DiRs dispersed in toluene. The well-defined
absorbance peaks positioned at 602 and 557 nm are related to
the CdSe core.3 The strong absorption onset around 500 nm is
assigned to the bulk-like rod-shaped CdS shell. The remarkable
difference in intensity comparing CdSe to CdS features is due
to the larger amount of CdS in the nanocrystals. DiRs show a
slightly asymmetric PL spectrum centered at 612 nm with
24 nm (79 meV) full width at half-maximum (fwhm). A 10 nm
Stokes shift with respect to the CdSe core band edge is detected.
To embed DiRs in high optical quality all-polymer
microcavities, a suitable nanocomposite has been prepared.
For this purpose, DiRs were dispersed into a polystyrene matrix
(DiRs:PS), as described in the Methods section. Figure 2b
reports the absorption and fluorescence spectra of the DiRs:PS
nanocomposite spin-cast films, that show remarkable differences
in absorption from the toluene DiRs dispersion (Figure 2a).
The features in the range between 500 and 650 nm, which were
originally observed in the suspension, appear masked by a
broad tail assigned to light scattering generated by the large
amount of DiRs loaded into the nanocomposite (see also
Supporting Information, Figure S2). The CdS shell absorption
is still detected at 480 nm as a peak. Interestingly, even with the
different absorption profiles, the PL line shape in the composite
film remains unchanged with respect to the toluene solution,
suggesting that light scattering induced by heavily loaded DiRs
does not affect the electronic properties of the emitters, which
retain their nanocrystal identity. Indeed, DiRs coalescence
can be excluded since confocal reflection and fluorescence
microscopy images (Supporting Information, Figure S2) reveal
a homogeneous high density distribution of small, submicro-
metric emitting spots instead of a uniform fluorescent film.
A careful analysis of the PL spectra shows the effect of the
DiRs nonmonodisperse size distribution previously observed in
the TEM images (Supporting Information, Figure S1). Indeed,
the PL spectra can be deconvolved into two Voigt shaped
components centered at 608 (peak 1) and 617 nm (peak 2; see
Supporting Information, Figure S3 and Table S1). The Voigt
line shape accounts for inhomogeneous broadening in the
system. The same deconvolution with very similar parameters
also holds for DiRs dispersed in toluene. According to the
reported size distribution (Supporting Information, Figure S1)
and to the known relation between PL and quantum dots
size, we assign the low energy peak (617 nm) to longer DiRs
(with average length of 35 nm), while the high energy one
(608 nm) is assigned to the much shorter DiRs.1,3
A nanocomposite thin film identical to the one used to
record the spectra of Figure 2b has been embedded between
two identical λ/4 DBRs made of 25 spin-cast bilayers of
poly(N-vinylcarbazole) (PVK) and cellulose acetate (CA).
The microcavity reflectance spectrum shows an intense and
broad peak between 580 and 646 nm assigned to the photonic
band gap (PBG, Figure 2c). The wide fwhm (66 nm) arises
from the relatively large (compared to other polymer systems)
dielectric contrast between PVK (n ∼ 1.66 at λ = 600 nm) and
CA (n ∼ 1.48 at λ = 800 nm).72 Within the PBG, we observe a
sharp minimum at 613 nm assigned to the cavity mode, while
the background of the reflectance spectrum is modulated by
interference fringes. The absorption of the PVK aromatic
rings73−75 affects the reflectance spectrum below 350 nm and
overlaps the CdS shell absorption. The second order PBG,
which is expected at ∼300 nm, is not observed, confirming
that the thickness of the layers in the dielectric mirrors fulfill
the λ/4 condition. We remind that under such conditions,
the bandwidth of the PBG can be analytically calculated as
Figure 1. (a) Freestanding rolled-up microcavity under violet laser
excitation where the bright DiRs red fluorescence is observed. (b)
Scheme of the planar microcavity.
Figure 2. Absorption (black) and fluorescence (red) spectra of
(a) nanocrystals dispersed in toluene and (b) nanocrystals dispersed in
PS. (c) Normalized reflectance spectrum of the microcavity.
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.30 According to this equation and to refractive
index dispersions previously reported,72 the expected band-
width for this system is 60 nm, which is in good agreement with
the experimental value (66 nm).
Figure 3a compares the transmittance spectrum of the
microcavity to the one calculated via the transfer matrix
method (TMM)76 using the refractive index dispersions of
PVK and CA reported in literature72 and preliminary complex
optical functions for DiRs:PS (see Supporting Information,
Figure S4). The simulation has been used to fit the thickness of
the layers composing the microcavity and the results are 94 nm
for PVK, 100 nm for CA, and 208 nm for DiRs:PS nanocom-
posite. These values are in good agreement with those reported
in our previous works69,77,78 and with those calculated by the
analytical formulas for the λ/4 condition (92 nm for PVK and
104 nm for CA).30 In addition, the calculated thickness of
the nanocomposite layer successfully matches the λ/2 con-
dition30,79 (193 nm). Transmittance spectrum shows a broad
band with negligible values in the range 580−646 nm con-
taining a sharp and weak maximum centered at 613 nm. These
two features correspond to the microcavity PBG and cavity
mode, respectively. The calculated spectrum reproduces all the
major features of the experimental one (PBG width, cavity
mode position, interference fringes). Moreover, the simulation
perfectly accounts for polarized angle-resolved transmittance
spectra (Supporting Information, Figure S5), further demon-
strating the excellent optical quality of our all-polymer
microcavities.30,80
Figure 3b highlights the spectral reshaping induced by
the microcavity on the PL of DiRs:PS nanocomposite with
respect to the reference film recorded under the very same
experimental conditions. The modified photonic environment
induces a factor 10 sharpening of the PL spectrum, whose
fwhm changes from 24 nm for the reference to 2.4 nm for the
microcavity (see also Supporting Information, Figure S6, for a
comparison of peak normalized PL spectra). In addition, for the
microcavity, PL peak intensity is ∼5× larger than for the
reference. The microcavity quality factor (Q = λ/Δλ = 255) is
the largest so far reported for planar all-polymer micro-
cavities.28,41,56,57,77,80 The PL spectrum of the nanocomposite
has been dramatically reshaped with a strong reduction of the
intensity at the PBG spectral region, and a strong increase at
the cavity mode. This spectral redistribution of the PL oscillator
strength agrees with previous findings obtained on different
emitting systems having much broader PL spectrum77,80 and
indicates that a very fine-tuning can be easily obtained with
spun-cast all-polymer large area microcavities.
The spectral redistribution of PL can be explained using the
modified Fermi’s Golden Rule within the photonic crystal.
The traditional formula for the transition rate within the time-
dependent weak perturbation approach:
μω π ρ ω=
ℏ
| · |W E( ) 2 ( )2
(1)
is modified by the photonic crystal. The electric field E in a
photonic crystal is related to the allowed optical modes En,k
(r,ω) within the dielectric lattice. The density of states ρ(ω)
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In eq 2, μ is the matrix element of the dipole moment
between the final |f⟩ and initial |i⟩ electronic states. In the case
of an emitter embedded into a homogeneous isotropic medium,
the density of photonic states shows an ω2 dependence, while
in a microcavity its spectral shape becomes a crucial factor
(eq 2).81 At the PBG energies, ρ1(r,ω) is negligible, while at the
cavity mode, it strongly grows in a sharp frequency interval,
thus, enhancing W(ω). The width of the enhanced region is
related to the cavity volume, which depends on the dielectric
contrast between the materials used for the DBR mirrors.30,80
Therefore, the origin of the observed PL spectral redistribution
so far discussed (Figure 3b) is the spectral shape of ρ1(r,ω).
An additional consequence of the eqs 2 and 3 concerns the
directionality of the emission. Figure 3c shows the steady-state
PL spectra of the microcavity collected at angles between 0 and
32°. The cavity emission shifts toward higher energy increasing
the detection angle, according to the PBG dispersion previously
described (see Supporting Information, Figure S5, for the trans-
mittance spectrum of the system and Supporting Information,
Figure S7, for the PL spectra as a function of wavelength and
angle of collection). Increasing the detection angle up to 15°,
the PL intensity remains almost constant. Conversely, over 15°,
the cavity mode does not efficiently overlap the PL of the
DiRs:PS nanocomposites (Figure 2b), and the signal starts
Figure 3. (a) Experimental (continuous line) and calculated (dashed
line) microcavity transmission spectra. (b) PL spectra for a microcavity
(in red) and for a reference sample (in black) recorded in the very
same conditions. (c) Contour plot of the microcavity fluorescence
spectra as a function of the collection angle.
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fading. Indeed, Figure 3c demonstrates that, in addition to
the spectral redistribution, a dramatic change in the spatial
DiRs emission occurs from the almost lambertian character of
the reference to a highly directional fluorescence given by
the microcavity, which allows light propagation only along its
axis.84
Despite the observed peak enhancement, the microcavity PL
intensity integrated over the full spectrum is reduced by ∼25%
compared to the reference one, indicating that the overall
emission is not clearly enhanced.84 Indeed, PL QY measure-
ments (Table 1) show a reduction of PL efficiency in the
microcavity (6.5%) with respect to the reference (33%). This
result can be mainly explained by self-absorption caused by
the reduced DiRs:PS nanocomposite Stokes shift (∼10 nm).
In spite of the weak CdSe core absorption, the self-absorption
is intensified by the very long photon dwelling time inside the
cavity. Indeed, while the photon transit time through a refer-
ence film having the very same thickness as the cavity can be
easily calculated as ∼1 fs (ncavitydcavity/c = 1.6 × 193 nm/c,
c speed of light), the dwelling time inside the cavity is instead
deeply affected by the presence of the DBR mirrors: photons
are confined by reflections inside the cavity layer, and their
dwelling time is dependent on the quality factor of the structure
(τd = Q/(2πω) = 83 fs). In this way, the probability of self-
absorption is greatly increased when compared to the isolated
reference film. The fate of each self-absorbed fluorescence
photons is now to be either re-emitted or to decay through
nonradiative processes. In this way, a significant reduction of
the microcavity QY is induced as experimentally observed.
Notice that, being the DiRs:PS nanocomposites capped by
CA layers both in the reference and in the microcavity
(see Methods for details) we do not need to claim for addi-
tional nonradiative recombination pathways to explain the QY
reduction observed for the microcavity.
Additional insights on this topic can be obtained by the
analysis of the nanosecond transient PL decays. According to
eq 3, the local density of photonic states influences the radiative
lifetime, which is related to the transition rate by
τ ω=− W ( )r
1
r (4)
and, therefore, to the net radiative rate enhancement.
According to eqs 3 and 4, a reduction of PL lifetime should
be observed for the microcavity with respect to the reference
DiRs:PS nanocomposite film. The modifications described by
eqs 3 and 4 should reduce emission lifetime. To investigate this
effect, we measured the PL decays for the composite DiRs:PS
reference film and for the microcavity at the cavity mode
wavelength in the spectral range 610.5−615.5 nm (Figure 4).
Compared to the reference, the microcavity PL shows a slower
decay for the initial 50 ns. For longer delays the two decays are
instead similar. This behavior is clearly in contrast with the
reduction of lifetime expected from eqs 3 and 4 considering the
effect of radiative decays only.
To better understand this puzzling behavior, we fitted the
decays by triexponential functions. We are aware that different
functional decays have been used in literature to describe the
photophysics of single nanocrystals or highly controlled
suspensions,87−91 but we feel safe to start the discussion on
our complex solid state samples (containing both DiRs and
impurities) with the simpler multiexponential kinetics. Table 1
summarizes both lifetimes (τi) and relative weights (Ai). Notice
that the decay of DiRs in toluene suspension can be successfully
fitted by a triexponential function, too (Supporting Information,
Figure S8 and Table S2).
For all the decays, the long-living PL component (∼40 ns)
accounts only for a few percent of the total emission. According
to literature, this very weak contribution can be assigned to
surface traps and will not be further discussed.92,93 Since this
contribution accounts only for few percent to the overall
microcavity PL kinetics, we discard it from further discussions.
Our attention will be instead focused on the two faster
contributes that we assign to the different emissions due to the
DiRs size distribution (Supporting Information, Figures S1b
and S3). This assignment is supported by the strong spectral
dependence of the decays. At 600 nm, where the small
impurities contribution (peak 1) to the overall PL is strong
(see Figure S3b for details), the fast decay (5.2 ns) contributes
56% to the decay (see Table 1). While the slower decay
(13.1 ns) has a 42% weight only. Very different is instead the
decay at 630 nm where the contribution of long DiRs (peak 2)
is dominant (see again Figure S3b for details). There, the fast
component disappears while the slower one (12.6 ns) grows to
86% of the overall decay.
Table 1. Lifetime (τj) and Relative Intensity (Aj) of the Different Decays as Deduced from the Fitting Procedure
τ1 (ns) A1 τ2 (ns) A2 τ3 (ns) A3 PL QY (%)
microcavity (613 nm) 6.7 ± 0.4 0.13 ± 0.04 12.0 ± 0.1 0.83 ± 0.04 40.3 ± 0.8 0.04 ± 0.03 6.5
reference (613 nm) 6.4 ± 0.7 0.35 ± 0.05 13.2 ± 0.3 0.61 ± 0.06 43 ± 4 0.04 ± 0.01 33
reference (600 nm) 5.2 ± 0.5 0.56 ± 0.06 13.1 ± 1 0.42 ± 0.07 56 ± 5 0.02
reference (630 nm) 0 12.6 ± 0.6 0.86 ± 0.02 51 ± 3 0.14 ± 0.02
Figure 4. (a) Normalized DIRs PL decay for microcavity (red line)
and reference (black line). (b) Spectrally resolved decay for the
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Let us now focus on the PL decay at the cavity mode
wavelength (613 nm). We observe that the relative weights
of the fast and slow PL decay components (A1 and A2) are
35% and 61%, respectively. Analyzing the deconvoluted DiRs
PL spectra (Supporting Information, Figure S3a) in the range
610.5−615.5 nm (the cavity mode spectral region), we observe
that the weight of the two contribution is very similar (∼35%
for the short wavelength emission (peak 1) and ∼65% for the
long wavelength one (peak 2); see Supporting Information,
Figure S3 and Table S1). Considering these findings, we assign
the fast decay τ1 to the short wavelength emission (608 nm),
which generates form the short DiRs population, while τ2 is
assigned to the long wavelength PL component (613 nm)
related to DiRs with ∼35 nm length. In agreement with this
assignment, longer DiRs, which have a better surface
passivation due to the more developed CdS shell, are also
the ones showing reduced nonradiative recombination rate,
hence, longer lifetimes.19−21 Unfortunately, a direct correlation
between the radiative and nonradiative rates through the overall
quantum yield (see Table 1) is not straightforward when
multiple decays simultaneously occurs, since the absorption and
QY for the single DiRs populations cannot be measured.
We discuss now the role of the microcavity on the fluo-
rescence decay. When embedded in the microcavity, the DiRs
show a smaller τ2 than in the reference sample, whereas τ1
remains constant within the experimental uncertainty. The
relative weight A2, instead, drastically grows inside the
microcavity (from 61 to 83%, see Table 1), while A1 decreases
(from 35 to 13%, see Table 1). The different response is related
to the unbalanced spectral overlap between the cavity mode
(613 nm) and the two different emissions. Indeed, an excellent
overlap is found for the slow decay (PL centered at 617 nm)
while it is reduced for the fast component (PL peaked at
608 nm). Then, an effective enhancement of PL peak intensity
(almost 10×) and lifetime reduction (from 13.2 to 12 ns) is
observed for the slower component. On the other hand, for the
fast decay (∼6 ns), the poor spectral overlap does not allow a
significant change in the emission rate, hence the component
retains the same lifetime. These changes might suggest the
presence of Purcell effect which is however limited to the PL
contribution of the DiRs longer in size (peak 2). We are aware
that the decrease in τ2 is not sufficient to definitely prove the
Purcell effect, which is indeed very difficult to observe.94,95
PL lifetime reduction might be caused not only by the photonic
cavity environment, but also by an increase of the nonradiative
decays rate introduced by microcavity growth. However, as
previously discussed for the QY, we do not expect any change
in the nonradiative recombination rate for DiR:PS nano-
composites being capped and prepared in the very same way
both for the reference and for the microcavity. For all these
reasons, we are left to assume that changes might occur only in
the radiative rates of the long size DiRs. Additional work will be
necessary to further support this interpretation. To this end, a
very important parameter is the dielectric contrast of the
polymers used to grow the DBR mirrors, which currently limits
the cavity volume.28,84,86,94,95 In this work, we used commercial
polymers having the largest dielectric contrast available over a
broad spectral range, which however does not seem enough to
massively increase the radiative rate. Novel polymer architec-
tures like hyperbranched polyvinyl sulfides77 or heavily doped
nanocomposites with high refractive index guest medium64,96,97
could be a solutions to substantially increase the dielectric
contrast and then significantly reduce the cavity mode volume,
which is one of the main parameters governing the light−
matter interaction in confined systems and then enhance
phenomena like the Purcell effect.
■ CONCLUSIONS
We reported solution-based bottom-up fabrication of all-polymer
planar microcavities embedding CdSe/CdS DiRs nanocrystals
as fluorescent medium. DiRs are dispersed in a polystyrene
matrix to obtain a highly process able nanocomposite. Optical
investigation of the microcavity shows a 10-fold sharpening
and a five-time increase of the emission at the cavity mode
wavelength, while the overall number of emitted photons is
reduced. Our microcavity shows a Q-factor of 255 that, to the
best of our knowledge, is the highest Q-factor reported so
far for all-polymer planar microcavities. PL spectra can be
deconvolved into two components related to long DiRs and
small impurities. For the high-energy and fast component due
to short impurities (peak 1), weakly resonant with the cavity
mode, no changes in lifetime are observed. For the resonant
longer wavelength emission due to long DiRs (peak 2), a 10%
lifetime reduction is observed that might result from Purcell
effect.
■ METHODS
The DiRs used in this work were synthesized as previously
described.3
Polymer microcavities were grown via spin-coating of dif-
ferent solutions at 7500 rpm. A DBR consisting of 25 bilayers
was fabricated on a 22 × 22 mm glass substrate by alternated
depositions of PVK in toluene (28 g/L) and CA in 4-hydroxy-
4-methyl-2-pentanone (35 g/L). The sample was annealed at
80 °C for 1 min after each PVK deposition to avoid percolation
of CA solvent through the PVK layers.98 This technique allows
to finely control layer thickness and interfacial roughness to
about 1 nm for commodity polymers.59,99 For less processable
polymers but with higher dielectric contrast roughness could be
less controlled. Notice also that among commodity polymers,
CA and PVK are the ones showing the largest dielectric
contrast and at the same time guaranteeing optimal mutual
processability for multilayers structures.77 The DiRs:PS nano-
composite was prepared by dissolving polystyrene into a
DiRs:toluene dispersion (40 g/L, PS; 0.8 g/L, DiRs). This
composite solution was spun-cast at 4800 rpm on the pre-
viously grown DBR and annealed at 80 °C for 10 min. Finally,
another 25 bilayers of CA and PVK were fabricated on top of
the DiRs:PS nanocomposite layer by alternated spin-coating to
complete the microcavity. The resulting structure is schema-
tized in Figure 1b. Growing conditions have been adjusted
to achieve DBRs in the λ/4 condition and to match the
cavity mode with the DiRs emission peak (Figure 2a−c). Our
all-polymer microcavities can be peeled-off from the substrates
they were fabricated on as shown in Figure 1a, where the
red fluorescence is clearly observed under violet excitation.
Our samples are flexible and can be adapted to complex surfaces.
As reference for PL measurements (spectral shape, intensity,
quantum yield, and lifetime), we spin-coated a DiRs:PS
nanocomposite layer as described above for the microcavity on
a glass substrate coated with a CA film to obtain the same
thickness.
Reflectance spectra were measured with a system based
on an Avantes compact spectrometer (resolution 1.4 nm) as
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previously described.64,69,77 Angle resolved spectra have been
recorded by a homemade setup (angular resolution ≤ 1°).
Steady-state PL measurements were performed by exciting
the samples with an Oxxius 405 nm CW laser focused on a
1 mm2 spot and the fluorescence was collected with an
Ocean Optics Jazz COMBO 2 compact modular spectrometers
(530−880 nm, 0.5 nm resolution). Time-resolved PL measure-
ments were recorded using a 405 nm LDH−P-C-405 laser
combined with a PDL 800B driver (40 ps pulse width, 5 MHz
repetition rate) and a PicoQuant Time Correlated Single
Photon Counting system (Time Harp 260 PICO board, 25 ps
temporal resolution; PMA Hybrid 40 detector, 140 ps response
time) equipped with a Solar Laser Systems monochromator.
Each decay has been measured 17 times over different spots on
sample surface and, for each measurement, photoluminescence
lifetimes have been retrieved using PicoQuant FluoFit Pro
fitting software (accounting for the instrument response func-
tion). The decay parameters reported in this work are the
average over the 17 fits.
External PL quantum efficiency for microcavities and
references were measured as described by de Mello et al.100
using an integrating sphere (Avantes AvaSphere-50) fiber-
coupled with the Oxxius 405 nm laser previously described,
and an Avantes AvaSpec-2048 calibrated spectrometer
(200−1150 nm, 1.4 nm resolution).
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Tuning the Emission Properties of Nanoemitters in Multilayered
Structures by Deterministic Control of their Local Photonic
Environment. Small 2015, 11, 2727−2732.
(54) Calvo, M. E.; Castro Smirnov, J. R.; Míguez, H. Novel
approaches to flexible visible transparent hybrid films for ultraviolet
protection. J. Polym. Sci., Part B: Polym. Phys. 2012, 50, 945−956.
ACS Photonics Article
DOI: 10.1021/acsphotonics.7b00330
ACS Photonics 2017, 4, 1761−1769
1767
(55) Fink, Y.; Winn, J. N.; Fan, S.; Chen, C.; Michel, J.;
Joannopoulos, J. D.; Thomas, E. L. A Dielectric Omnidirectional
Reflector. Science 1998, 282, 1679−1682.
(56) Menon, V. M.; Luberto, M.; Valappil, N. V.; Chatterjee, S.
Lasing from InGaP quantum dots in a spin-coated flexible microcavity.
Opt. Express 2008, 16, 19535−19540.
(57) Valappil, N. V.; Luberto, M.; Menon, V. M.; Zeylikovich, I.;
Gayen, T. K.; Franco, J.; Das, B. B.; Alfano, R. R. Solution processed
microcavity structures with embedded quantum dots. Photonics
Nanostruct. Fundam. Appl. 2007, 5, 184−188.
(58) Goldenberg, L. M.; Lisinetskii, V.; Schrader, S. Fast and simple
fabrication of organic Bragg mirrors - application to plastic microchip
lasers. Laser Phys. Lett. 2013, 10, 055808.
(59) Radice, S. V.; Srinivasan, P.; Comoretto, D.; Gazzo, S. One-
dimensional planar photonic crystals including fluoropolymer
compositions and corresponding fabrication methods, WO 2016/
087439 A1, 2016.
(60) Najda, S. P. An optoelectronic semiconductor device,
EP0795941 A1, 1997.
(61) Ryan, H.; Maria, C. Photonic Polymer Multilayers for
Colorimetric Radiation Sensing, US2016/0252625 A1, 2016.
(62) Chang, J.-H. Method for manufacturing a reflective optical film,
US2016/0245971 A1, 2016.
(63) Bai, Z.; Joo, J.; Sung, I.-K.; Taylor, J. C. Multilayer Polymer
Composite for encapsulating quantum dots, US2016/0272885 A1,
2016.
(64) Lova, P.; Manfredi, G.; Boarino, L.; Comite, A.; Laus, M.;
Patrini, M.; Marabelli, F.; Soci, C.; Comoretto, D. Polymer Distributed
Bragg Reflectors for Vapor Sensing. ACS Photonics 2015, 2, 537−543.
(65) Goldenberg, L. M.; Lisinetskii, V.; Gritsai, Y.; Stumpe, J.;
Schrader, S. Second order DFB lasing using reusable grating inscribed
in azobenzene-containing material. Opt. Mater. Express 2012, 2, 11−
19.
(66) Lova, P.; Bastianini, C.; Giusto, P.; Patrini, M.; Rizzo, P.; Guerra,
G.; Iodice, M.; Soci, C.; Comoretto, D. Label-Free Vapor Selectivity in
Poly(p-Phenylene Oxide) Photonic Crystal Sensors. ACS Appl. Mater.
Interfaces 2016, 8, 31941−31950.
(67) Lova, P.; Manfredi, G.; Boarino, L.; Laus, M.; Urbinati, G.;
Losco, T.; Marabelli, F.; Caratto, V.; Ferretti, M.; Castellano, M.; Soci,
C.; Comoretto, D. Hybrid ZnO:polystyrene nanocomposite for all-
polymer photonic crystals. Phys. Stat. Solidi C 2015, 12, 158−162.
(68) Komikado, T.; Yoshida, S.; Umegaki, S. Surface-emitting
distributed-feedback dye laser of a polymeric multilayer fabricated by
spin coating. Appl. Phys. Lett. 2006, 89, 061123.
(69) Knarr, R. J., III; Manfredi, G.; Martinelli, E.; Pannocchia, M.;
Repetto, D.; Mennucci, C.; Solano, I.; Canepa, M.; Buatier de
Mongeot, F.; Galli, G.; Comoretto, D. In-plane anisotropic photo-
response in all-polymer planar microcavities. Polymer 2016, 84, 383−
390.
(70) Moritsugu, M.; Kim, S.-n.; Kubo, S.; Ogata, T.; Nonaka, T.;
Sato, O.; Kurihara, S. Photoswitching properties of photonic crystals
infiltrated with polymer liquid crystals having azobenzene side chain
groups with different methylene spacers. React. Funct. Polym. 2011, 71,
30−35.
(71) Moritsugu, M.; Ishikawa, T.; Kawata, T.; Ogata, T.; Kuwahara,
Y.; Kurihara, S. Thermal and Photochemical Control of Molecular
Orientation of Azo-Functionalized Polymer Liquid Crystals and
Application for Photo-Rewritable Paper. Macromol. Rapid Commun.
2011, 32, 1546−1550.
(72) Fornasari, L.; Floris, F.; Patrini, M.; Comoretto, D.; Marabelli, F.
Demonstration of fluorescence enhancement via Bloch surface waves
in all-polymer multilayer structures. Phys. Chem. Chem. Phys. 2016, 18,
14086−14093.
(73) Comoretto, D.; Dellepiane, G.; Cuniberti, C.; Rossi, L.;
Borghesi, A.; LeMoigne, J. Photoinduced Absorption of Oriented
Poly[1,6-di(N-carbazolyl)-2,4-hexadiyne]. Phys. Rev. B: Condens.
Matter Mater. Phys. 1996, 53, 15653−15659.
(74) Comoretto, D.; Moggio, I.; Cuniberti, C.; Dellepiane, G.;
Giardini, M. E.; Borghesi, A. Long-lived photoexcited states in
polydiacetylenes with different molecular and supramolecular
organization. Phys. Rev. B: Condens. Matter Mater. Phys. 1997, 56,
10264−10270.
(75) Moroni, L.; Salvi, P. R.; Gellini, C.; Dellepiane, G.; Comoretto,
D.; Cuniberti, C. Two-photon spectroscopy of pi-conjugated
polymers: The case of poly[1,6-bis(3,6-dihexadecyl-N-carbazolyl)-
2,4-hexadiyne] (polyDCHD-HS). J. Phys. Chem. A 2001, 105,
7759−7764.
(76) Skorobogatiy, M.; Yang, J. Fundamentals of Photonic Crystal
Guiding; Cambridge University Press, 2009.
(77) Gazzo, S.; Manfredi, G.; Poetzsch, R.; Wei, Q.; Alloisio, M.;
Voit, B.; Comoretto, D. High refractive index hyperbranched
polyvinylsulfides for planar one-dimensional all-polymer photonic
crystals. J. Polym. Sci., Part B: Polym. Phys. 2016, 54, 73−80.
(78) Manfredi, G.; Mayrhofer, C.; Kothleitner, G.; Schennach, R.;
Comoretto, D. Cellulose ternary photonic crystal created by solution
processing. Cellulose 2016, 23, 2853−2862.
(79) Saleh, B. E. A.; Teich, M. C. Fundamentals of Photonics; Wiley,
2007.
(80) Frezza, L.; Patrini, M.; Liscidini, M.; Comoretto, D. Directional
Enhancement of Spontaneous Emission in Polymer Flexible Micro-
cavities. J. Phys. Chem. C 2011, 115, 19939−19946.
(81) Barth, M.; Gruber, A.; Cichos, F. Spectral and Angular
Redistribution of Photoluminescence Near a Photonic Stop Band.
Phys. Rev. B: Condens. Matter Mater. Phys. 2005, 72, 085129.
(82) Björk, G.; Machida, S.; Yamamoto, Y.; Igeta, K. Modification of
spontaneous emission rate in planar dielectric microcavity structures.
Phys. Rev. A: At., Mol., Opt. Phys. 1991, 44, 669−681.
(83) Björk, G. On the spontaneous lifetime change in an ideal planar
microcavity - transition from a mode continuuum to quantized modes.
IEEE J. Quantum Electron. 1994, 30, 2314−2318.
(84) Schubert, E. F.; Hunt, N. E. J.; Micovic, M.; Malik, R. J.; Sivco,
D. L.; Cho, A. Y.; Zydzik, G. J. Highly Efficient Light-Emitting Diodes
with Microcavities. Science 1994, 265, 943−945.
(85) Liscidini, M.; Andreani, L. C. Photonic Crystals: An
Introductory Survey. In Organic and Hybrid Photonic Crystals;
Comoretto, D., Ed.; Springer International Publishing: Switzerland,
2015; pp 3−29.
(86) Berti, L.; Cucini, M.; Di Stasio, F.; Comoretto, D.; Galli, M.;
Marabelli, F.; Manfredi, N.; Marinzi, C.; Abbotto, A. Spectroscopic
Investigation of Artificial Opals Infiltrated with a Heteroaromatic
Quadrupolar Dye. J. Phys. Chem. C 2010, 114, 2403−2413.
(87) Rabouw, F. T.; Lunnemann, P.; van Dijk-Moes, R. J. A.;
Frimmer, M.; Pietra, F.; Koenderink, A. F.; Vanmaekelbergh, D.
Reduced Auger Recombination in Single CdSe/CdS Nanorods by
One-Dimensional Electron Delocalization. Nano Lett. 2013, 13, 4884−
4892.
(88) Galland, C.; Ghosh, Y.; Steinbruck, A.; Sykora, M.;
Hollingsworth, J. A.; Klimov, V. I.; Htoon, H. Two types of
luminescence blinking revealed by spectroelectrochemistry of single
quantum dots. Nature 2011, 479, 203−207.
(89) Mallek-Zouari, I.; Buil, S.; Queĺin, X.; Mahler, B.; Dubertret, B.;
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